This is a targeted review of the critical immaturities limiting psychophysical luminance contrast detection in human infants. Three-month-old infants are 50 times less sensitive to contrast than adults are. Rod experiments suggest that early-stage immaturities, like the short length of infant rod outer segments, have only a modest direct effect on infant visual performance. Infant contrast sensitivity may resemble adult extrafoveal sensitivity, because the foveal cones of the neonate are immature and may not generate strong enough responses to mediate visual performance. This use of the extrafoveal retina reduces the high-spatial frequency end of the infant contrast sensitivity function (CSF), contributing to poor infant resolution acuity. The remaining difference between infant and adult CSFs may be a simple overall reduction in infant sensitivity. The maximum of the infant CSF increases proportionately with age, and may be numerically near the infant's age in weeks. Contrast discrimination experiments indicate that the critical immaturity that limits infant contrast sensitivity is a mid-level phenomenon, occurring before the site of the contrast gain control. For example, the infant ascending visual pathway might be limited by large amounts of intrinsic noise. These results suggest that there is little effect of inattentiveness to the psychophysical task by ostensibly alert infant patients or subjects. The clinician or researcher can interpret behavioral measurements of infant visual performance with confidence. (Optom Vis Sci 2009;86:572-576) Key Words: infant, visual development, contrast sensitivity, contrast discrimination, critical immaturity
Critical Immaturities in Infant Vision
Infants do not see as well as adults do: infant psychophysical sensitivity to light, color, and contrast is far below the comparable values in adults, especially between 1 and 4 months, where the most data are available. Infant visual acuity is poor at birth, 1,2 and does not reach the adult value until at least 3 years. [3] [4] [5] Vernier acuity 6, 7 and stereopsis 8 -11 cannot be measured until at least age 3 months. At the same time, infants are maturing in other ways, and the infant visual nervous system has several well-known immaturities, the most famous of which is that infant photoreceptors are immature both in their morphology and in their distribution across the retina. 12, 13 The classic question is, which of these immaturities actually limit infant visual performance? We define the "critical immaturities" to be those differences between infants and adults that are actually responsible for the poor visual performance of infants. 14 The perception of contrast is fundamental to vision. We have argued elsewhere that an underlying inability of infants to perceive contrast is the critical immaturity limiting several aspects of infant visual performance. In many experiments, infant color contrast threshold is correctly predicted from infant luminance contrast threshold, 15, 16 infant stereopsis is no worse than expected, given how hard it is for infants to see the stereo targets even at 100% contrast, 11 and infant vernier acuity is not worse than adult vernier acuity, when contrast discrimination is used as a benchmark. 7 But, what limits infant contrast sensitivity and contrast discrimination?
Here, we define three groups of immaturities that could reduce infant sensitivity to contrast (Fig. 1) . The most distal ("early-stage") limitations operate before the site of light adaptation. These might include a smaller numerical aperture of the infant eye and smaller amounts of photopigment in the photoreceptor outer segments. The most proximal ("late-stage") limitations operate at the highest levels of visual processing, after the site of contrast adaptation (the "contrast gain control"). These might include infant inattentiveness to the psychophysical task, a such as forced-choice preferential looking (FPL) a We presume that the infant patient or subject is generally alert and to all appearances participating fully in the testing session. It is obviously possible to ruin a clinical measurement or a data set by testing a subject who is too fussy, too sleepy, or too distracted to generate reliable results, and we presume that the careful tester has retained only data that are not contaminated in this obvious way. and acuity card preferential looking, 18 which were used in the experiments reviewed here. Between these, "middle-stage" limitations could occur after the site of visual light adaptation, but before the site of the contrast gain control. These limitations might include higher levels of intrinsic noise in infant sensory neurons. Which of the three sites critically limit infant responsiveness to luminance contrast?
Absolute and Increment Thresholds
Let us begin with the detection of a flash of light presented to the dark-adapted eye. The absolute threshold of the 2-month-old infant is about 1.76 log units higher (58 times less sensitive) than the adult value, 19, 20 see Fig. 8 .4 of ref. 21) , with the measured absolute threshold depending on the size and duration of the target stimulus. 22, 23 It is tempting to suppose that the high absolute threshold of infants is an early-stage effect, because infant rod outer segments are shorter than those of adults, 13 and probably contain less rhodopsin. However, the anatomical evidence suggests that infants should be less sensitive by no more than 0.46 log units (less than a factor of 2.9), depending on what assumptions are made about the source and effects of intrinsic noise 21 (see Fig. 11 .2 in ref. 24 ). In the dark, the numerical aperture of the infant's eye is the same as the adult's. 20 These small effects cannot easily account for the difference between the adult and 2-month-old infant absolute threshold values, suggesting that at least some of the insensitivity must be due to middle-stage or late-stage immaturities.
Converging evidence on this point comes from studies of rod increment thresholds (Fig. 2 ). An overall early-stage immaturity will reduce the visual effectiveness of the target stimulus (the "test sensitivity"), but it will also reduce the adapting effectiveness of the background (the "field sensitivity") equally, because it occurs before the site of light adaptation. The light-adapted increment threshold will be little affected by an early-stage immaturity, because the sensitivity that is lost by the reduced test sensitivity is recouped by reduced desensitizing light adaptation. In fact, if Weber law is obeyed, no change in increment threshold is predicted at high luminance (gray curve, Fig.  2 ). In contrast, a middle-stage or late-stage immaturity, both of which occur after the site of light adaptation, will not reduce the effectiveness of the adapting signal, so they will reduce infant test sensitivity but not field sensitivity. Test sensitivity is measured at the absolute threshold, where there is no adapting background field to worry about. Field sensitivity is most straightforwardly estimated as the background intensity where a line drawn through the increment threshold function intersects the dark-adapted threshold value (black lines and dashed arrows in Fig. 2 ). There is room for disagreement about the size of the contribution of the early-stage component, because the estimated field sensitivity value depends on the slope of the line drawn through the increment threshold function. 20, 25, 26 However, all studies agree that there is an important contribution from a middle-or late-stage component, which cannot be explained by the known rod immaturities, because studies agree that infant field sensitivity is nearer the adult value than infant test sensitivity is. Rod increment threshold data cannot determine where in the visual pathway (beyond the site of light adaptation) this middle-or late-stage immaturity occurs. We are not aware of any measurements of the infant photopic increment threshold function. Although infant contrast sensitivity Schematic overview of the infant visual system. The experiments reviewed in this article rule out early-stage immaturities (e.g., immaturities in the photoreceptor outer segments) and late-stage immaturities (e.g., inattentiveness to the experimental task) as explanations for infant insensitivity to contrast. Thus, the critical immaturity limiting infant visual performance lies at the middle-stage section of this diagram. An example of a middle-stage immaturity is the possibly larger amount of noise in the infant ascending visual pathway.
FIGURE 2.
Rod increment threshold functions on infants and adults. Horizontal lines: absolute threshold of each data set, which measures test sensitivity; sloping lines: regression lines fitted to the increment threshold data; dashed arrows: the measured field sensitivity, where the two solid lines cross. Gray curve: infant data predicted by an early-stage immaturity. a, 7-weekold infants (white triangles) and adults (black circles), from ref. 20 . b, 4-week-old infants (diamonds), 10-week-old infants (squares), 18-weekold infants (triangles), and adults (black circles), from ref. 25. Infant Contrast Sensitivity-Brown and Lindsey 573 (the infant Weber fraction) is considerably reduced compared with the adult value, we do not know whether Weber law holds for infants under photopic conditions, so we cannot say for sure whether an early-stage immaturity affects infant cone vision, and if so, what its magnitude is. This is an important gap in our knowledge of infant visual development.
Infant Photopic Sensitivity to Contrast
Infant photopic contrast sensitivity is much worse than that of adults, but its exact value varies across experiments. The data depend on whether the stimuli are spatial sine-waves or not, whether they are static or time varying, whether the mean luminance is high or low, and what testing method is used. Here, we restrict our attention to static stimuli and psychophysical data (Fig. 3) . There is a consensus that the maximum contrast sensitivity measured using static sine-waves is about 15 (range: 10 to 25) at age 3 months, about 1/50 of the adult value. From the limited data available, maximum contrast sensitivity appears to improve linearly with age, and may be numerically close to the infant's age in weeks (see ref. 27 for a similar analysis of infant visual acuity). Further research will be needed to confirm or refute this mnemonic generalization.
The infant contrast sensitivity function (CSF) is not merely reduced relative to the canonical CSF of adults: it is also shifted to lower spatial frequencies. This suggests that infant visual acuity might be affected by an early-stage immaturity: infant foveal cones are stubby, with short outer segments and inner segments that seem unsuitable as waveguides. 12, 13 Others have argued that the immature foveal cones directly cause the high spatial frequency loss, 28 but we think it more likely that the immature fovea forces infants to use their more mature extrafoveal vision for most visual tasks. 29 This issue can be examined by comparing the free-fixating infant CSF 30 to the CSF of extrafoveally-tested adults. 31, 32 When the adult CSF is measured at approximately the eccentricity of the grating stimuli relative to the center of the preferential looking apparatus (about 7.5°), infant and adult CSFs are similar in shape, and can be more-or-less well superimposed by a vertical shift (relative to a logarithmic y axis) of about 0.75 log units (Fig. 4) . The fit cannot be perfect in general, if only because infants have different CSFs depending on their age. The details of this equivalence between free-fixating infant performance and extrafoveal adult performance will be difficult to disentangle, because it is difficult to know what part of the retina infants of each age actually use in a preferential looking experiment. However, the changes in contrast sensitivity with age are generally analogous to the changes in contrast sensitivity with eccentricity within the visual field.
We can further examine the analogy between the free-fixating infant and the extrafoveal adult by determining whether the relative contributions of the rods and the cones to visual acuity are similar. Fig. 5 shows infant and extrafoveal adult visual acuity as a function of luminance, including scotopic, mesopic, and photopic luminance levels, taken from ref. 29 . The data have been translated vertically to determine whether a good fit is possible. The agreement between the infant and adult data sets is imperfect, but we think that it is good enough to support a general analogy between infant vision and extrafoveal adult vision, in conjunction with the overall reduced contrast sensitivity in the infant. The remaining differences might be related to the distribution of the cones across the extrafoveal retina of the infant. 
FIGURE 4.
CSFs on free-fixating 3-month-old infants and extrafoveally-fixating adults. Black diamonds, monocular data, 30 white diamonds, binocular data. 30 Black triangles, adult temporal monocular data (eccentricity ϭ 7.5°), 31 white triangles, adult nasal data (eccentricity ϭ 10°). 31 Squares, adult data using an annular target spanning 8 to 16°in the visual periphery. 
Infant Contrast Increment Thresholds
Where is the critical immaturity that is responsible for the high contrast threshold (low contrast sensitivity) of infants? Is it before the site of the contrast adaptation gain control, which elevates the rising part of the contrast increment threshold function, making it an earlyor middle-stage immaturity? Or is it after the contrast gain control, making it a late-stage immaturity? We can examine this question using the contrast increment threshold function, where the subject discriminates between a higher contrast stimulus (adapting contrast plus increment) and a lower contrast stimulus (just the adapting contrast). The logic of this approach is analogous to the luminance increment threshold experiments described above, except that the adaptation site is the contrast gain control. On one hand, an early-or middle-stage immaturity will reduce the visual signals from the adapting contrast and the contrast increment by the same amount. In that case, infant sensitivity to the contrast increment will be counteracted by insensitivity to the desensitizing effects of the adapting contrast, and there will be little effect of immaturity on the contrast increment threshold at high contrast. However, a late-stage immaturity will leave the visual signal from the adapting contrast intact, and contrast discrimination thresholds should begin to rise at the same standard contrast in infants as they do in adults (gray curves in Fig. 6 ; see ref. 33 for a discussion of the dipper shapes of two of the curves, and ref. 34 for a similar argument for adults).
Infant contrast increment threshold functions, measured using FPL 35 and optokinetic nystagmus, 33 refute the late-stage hypothesis (Fig. 6) . Infant contrast increment threshold functions do not change from their simple detection values (dashed arrows) until long after the adapting contrast reaches its own detection threshold. Although infant contrast detection threshold is about 50 times higher than the adult value, infant contrast increment thresholds are higher by a factor of only 3 to 4. 33 Thus, the critical immaturity that limits infant contrast detection and discrimination is not primarily a high-level phenomenon. Combining the results of the luminance increment threshold and the contrast increment threshold experiments: early-stage and late-stage immaturities, if they exist, are not critical; infant contrast perception is critically limited by immaturities in the middle-level part of the model in Fig. 1 .
CONCLUSIONS
The field of infant visual sensation is reaching maturity. We now have data on infant performance on most of the major visual sensory processes, many of which are discussed in this issue. Over her exciting career, Velma Dobson watched this field from its inception, and has contributed to most of these topics, thus moving us along to a better understanding of infant visual development. On the firm footing she helped establish, Dobson has pushed the field to address clinical problems relating to the developing visual system. Inasmuch as infant insensitivity to contrast may be the critical immaturity that limits other aspects of infant visual performance, such as color vision, vernier acuity, and stereopsis, this review suggests that these aspects of infant visual performance are also critically limited by middle-level immaturities, such as large amounts of noise in the infant ascending visual pathway. Infant inattentiveness to the psychophysical task probably has only a limited influence on infant visual performance, assuming the data were collected when the subject or patient is alert and active. Psychophysical methods like FPL and acuity card preferential looking can probably be used without worrying about whether ostensibly attentive infants are participating fully in the task required of them. This is good news for those who use behavioral methods to test the visual function of infants: if you think that your patient is awake and doing the task, he/she probably is, and you can interpret your measurements with confidence. Visual resolution acuity data from ref. 29 at scotopic, mesopic, and photopic retinal illuminances. White circles: free-fixating infant data (from Fig. 3) 29 ; black squares: extrafoveal adult data (from Fig. 2) . 29 Adult and infant data have been scaled vertically for good agreement.
FIGURE 6.
Contrast increment threshold functions. Triangles, infant FPL data from ref. 35 . Circles and squares, infant OKN data from ref. 33 . Curves were fitted in ref. 33 to infant (a, b) and adult (c) data. Dashed arrows: the x-axis value at which the adapting stimulus contrast is equal to the contrast detection threshold (the y-axis value at "blank"). Gray curves: infant functions predicted by a late-stage immaturity.
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